Morphologically diverse carbon nitride micro-/nanoclusters (nanowires, nanoribbons, and nanosheets) were synthesized by polycondensation of cyanamide on diatom substrates. The formation mechanism is speculated to be one dimensional growth and two dimensional extensions on diatom frustules with high curvature. Platinum deposited micro-/nanoclusters showed good performance for photocatalytic hydrogen evolution.
2,3
Copolymerization of cyanamide (dicyandiamide or melamine) with other specic molecules usually leads to a redshi of the absorbance onset so that extended range of wavelengths can be used for light energy conversion. 4, 5 The preformed carbon nitride could also be coupled with other semiconductors or noble metals and/or graphene to form a heterojunction for improved photocatalytic efficiency. [6] [7] [8] [9] [10] [11] At the same time, orthogonal routes are compatible with all these efforts to synergistically maximize the overall improvement.
12-14
Nanostructuration serves the purposes of surface area enhancement, improvement of the light harvesting capability, as well as optimizing charge transport properties, which are all important factors for photocatalysis. [15] [16] [17] [18] [19] [20] Usually, templating method (so and hard templating, including silica and bio-inspired templates) are employed to construct nanostructured carbon nitride materials. [21] [22] [23] [24] [25] [26] [27] The well-established nanowires, nanoribbons and nanosheets structures are excellent candidates for the photocatalytic applications due to the good light harvesting properties and facile charge separation functions, and constructing carbon nitride into these micro-/nanostructures might be promising for improved light energy conversion purposes. [28] [29] [30] But until now, there are few reports about the direct formation of carbon nitride micro-/ nanoclusters for photocatalytic applications, and engineering continuously different carbon nitride nanomorphologies for photocatalytic applications is even rarer.
31,32
In the present work, carbon nitride materials with various nanomorphologies are synthesized using diatom frustules as a substrate. 33 The morphologies can be tuned by the composition ratios of precursors (cyanamide and diatom substrate) and the calcination temperature in an inert atmosphere. The micro-/ nanoclusters formation is shown to occur as one dimensional growth from topological defects intrinsic to a carbon nitride coating layer and further integration of parallel nanowires towards nanoribbons and nanosheets. The obtained carbon nitride micro-/nanostructures could be applied in water splitting experiments for hydrogen evolution, while it was not necessary to remove the diatom substrate for the photocatalytic application. 25 With Pt nanoparticles in situ deposited onto the micro-/nanoclusters under white light excitation, the material demonstrates good photocatalytic activity in hydrogen evolution, using triethanolamine as sacricial agent to scavenge the photogenerated holes.
The carbon nitride micro-/nanoclusters (abbreviated as CNMN) were synthesized by a solid "incipient wetness impregnation" method based on our previous work. 25 The diatom frustules were evenly ground with cyanamide in a mortar by mechanical mixing. Aer polycondensation, the carbon nitride materials are obtained as yellow colored free-owing powders which are not intergrown (see the large area image and optical digital image in Fig. S1 of ESI †). The diatom frustule acts as the substrate for the CNMN growth. Analyzing from scanning electron microscope (SEM) images, a thin carbon nitride layer was rstly formed on the monomerwetted diatom frustule, which acts as nucleation sites for the dened nanostructure growth from the surface (see Fig. S2a of ESI †). With different amounts of cyanamide in the starting mixture, these secondary structures turn into different morphologies at 600 C. For simplicity, the obtained samples were named as CNMN x -T, with x representing the weight ratios between cyanamide and evenly ground with cyanamide in a mortar by mechanical mixing. Aer polycondensation, the carbon nitride materials are obtained as yellow colored freeowing powders which are not intergrown (see the large area image and optical digital image in Fig. S1 of ESI †). The diatom frustule acts as the substrate for the CNMN growth. Analyzing from scanning electron microscope (SEM) images, a thin carbon nitride layer was rstly formed on the monomer-wetted diatom frustule, which acts as nucleation sites for the dened nanostructure growth from the surface (see Fig. S2a of ESI †).
With different amounts of cyanamide in the starting mixture, these secondary structures turn into different morphologies at 600 C. For simplicity, the obtained samples were named as CNMN x -T, with x representing the weight ratios between cyanamide and diatom, and T denoting the polycondensation temperature, respectively. For a weight ratio of 0.25 (abbreviated as CNMN 0.25 -600), solely nanowires are found to grow from the diatom frustule in Fig. 1a . As the ratio increased to 0.5 (CNMN 0.5 -600), nanowire clusters or thin ribbons became the majority event (as shown in Fig. 1b ). As the ratio further increased to 1 (CNMN 1 -600), thin nanosheets are found to have grown around the whole diatom structure (Fig. 1c) . The bare diatom substrate is also presented in Fig. 1d as a reference. It is interesting to see that micro-/nanoclusters mainly grow from highly bent areas of the substrate, which brings up the interpretation that a defect induced secondary nucleation event drives the growth of these structures (presumably due to the high curvature of diatom frustule). 27 The nanowires in CNMN 0.25 -600 have an average length of 8 mm and are 250 nm in diameter. The nanowires are occasionally found to be curved, as illustrated in Fig. S2b of ESI. † It's worth mentioning that nanoribbons from CNMN 0.5 -600 and nanosheets from CNMN 1 -600 are of approximately same length, but different in size on the transverse direction. As the amount of cyanamide further increases (for example, CNMN 2 -600 or CNMN 3 -600), the obtained materials are intergrown with each other instead of constituting free-owing powders and behave like bulk carbon nitride with embedded diatoms, as illustrated in Fig. S3 of ESI. † For CNMN 2 -600 or CNMN 3 -600, we can however still observe some porous structure from SEM images, which is presumably due to the gas evolution in the course of condensation.
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Therefore, the nanomorphologies of the micro-/nanoclusters could be controlled by the composition ratios between cyanamide and diatom substrate. shown in Fig. S2c of the ESI. † Its XRD diffractogram (Fig. 2b) shows two characteristic peaks at 13.1 and 27.3 due to the inplanar repeat period and stacking of the conjugated aromatic system, respectively. In the composite sample, the diffractions of the diatom frustules are too strong to clearly identify the typical peaks of graphitic carbon nitride (Fig. S4b of ESI †) . The XRD of blank diatom is also included as references in Fig. 2c . The diffraction peaks of diatom labeled by their Miller indices are indexed to the cristobalite form of silica. 36 Thermal gravimetric analysis (TGA) was used to determine the carbon nitride content in the CNMN/diatom composite (Fig. 2d) . The corresponding carbon nitride contents in CNMN x -600 are 10%, 15%, and 30%, respectively, while the majority part of the composite is silica. N 2 sorption measurement was performed to obtain BET surface areas of CNMN x -600 samples. The BET surface areas of CNMN 0.25 -600, CNMN 0.5 -600 and CNMN 1 -600 are 28, 27, and 24 m 2 g
À1
, respectively. For comparison, the released carbon nitride sample (CNMN 1 -600) aer removal of diatom possesses a surface area of 57 m 2 g
. In order to clarify temperature effects on the formation of the micro-/nanoclusters, different condensation temperatures were adopted. Mixtures of diatom and cyanamide with different ratios were calcined at 450 C, 500 C, 550 C and 650 C, respectively. Higher than 650 C, the micro-/nanoclusters start to vanish and become smaller as compared to their appearance at lower temperatures, which illustrates the known thermal stability limit of carbon nitride. Different condensation temperatures in between render adjustment of the electronic and optical properties in combinations with the nanomorphologies possible, which is reected in the diffuse reectance spectra in Fig. S5a . † The absorption edge is redshied with increasing condensation temperatures, demonstrating a lowered bandgap. 1 At 650 C, the absorption edge of CNMN 0.5 -650 is blue-shied again, which we attribute to the onset of depolymerization and decomposition of carbon nitride at these temperatures. The diffuse reectance spectra of CNMN x -650 samples are also presented in Fig. S5b † and show that all three high temperature condensed samples derived from different cyanamide concentrations have the blueshied bandgap.
For CNMN 0.25 -T, the nanowire morphology prevails across different calcination conditions, except at highest temperature (650 C), as shown in Fig. S6 of ESI. † Interestingly, at the lowest examined temperature of 450 C, one dimensional growth of wire cores could be found (SEM image in Fig. S6a of ESI †). This is presumably coupled to the polymerization of melem towards one dimensional polymer species, melon. 34, 37, 38 No obvious differences of nanowires produced at different temperatures are recognized from the SEM images (Fig. S6a-d of ESI †) . Transmission electron microscopy (TEM) image of CNMN 0.25 -600 in Fig. S6f of ESI † showed the nanowire grows outside from the diatom substrate.
With increasing amounts of cyanamide (CNMN 0.5 -T), the dominant morphology found in CNMN 0.5 changes to nanoribbons, as illustrated in Fig. 3 . Nanowires are still found in the low temperature polycondensation sample (CNMN 0.5 -450 in Fig. 3a) . Higher polycondensation temperatures (from 500 C to 600 C) lead to nanoribbon morphologies, as illustrated in Fig. 3b-d . These nanoribbons are composed of several parallel nanowires, i.e. the extra monomer mass available is invested in parallel growth or secondary ber nucleation, including some further integration processes. However, for CNMN 0.5 -650 (as illustrated in Fig. 3h ), the carbon nitride coating was evenly distributed on the diatom surface without micro-/nanoclusters le, which agrees well with our previous results. 25 Confocal microscopy was employed to investigate the photoluminescence of CNMN 0.5 -600, as illustrated in Fig. 3e and f. Under 488 nm laser excitation, the micro-/nanoclusters attached on the diatom frustule give luminescence.
25 TEM image of CNMN 0.5 -600 in Fig. 3g shows nanowire tips at the edge of nanoribbons, providing further experimental evidence that nanoribbons are combinations of nanowires.
Nanoribbons and nanosheets are nally common for CNMN 1 -T samples, as seen from Fig. 4 . Nanowires can also be occasionally observed as the building blocks for the nanoribbon and nanosheets. In the case of high cyanamide precursor concentration, low temperature condensations lead The "3" indicates the obtained materials with corresponding morphology; while the "7" indicates the material without micro-/ nanoclusters generated. to nanoribbon morphologies ( Fig. 4a and b) , while at higher temperatures nanosheets prevail ( Fig. 4c and d) . TEM image of CNMN 1 -600 in Fig. 4e depicts the existence of two dimensional extended nanosheets with a width size of 3 mm, which matches well with the SEM observations. In the case of sample synthesized at 650 C (CNMN 1 -650 in Fig. 4f ), the width of micro-/ nanocluster is much smaller than that of its 600 C calcination counterpart (CNMN 1 -600), but the nanosheets are still there. We attribute this higher stability to the fact that the preceding nanosheets are better condensed and thereby more crystalline than bers and ribbons.
All these data suggests the following formation mechanism. A thin carbon nitride layer was rstly formed on the diatom frustule, acting as nucleation sites for the subsequent micro-/ nanoclusters growth. The nanowires are rstly formed by one dimensional growth from topological defects of the layer. The formation mechanism is similar to the well-known vapor-solid growth of carbon nanotubes, however here without catalyst nanoparticles. 39, 40 With higher precursor concentration and higher condensation temperature, the nanowires fuse together to form nanoribbons or nanosheets. Depolymerization of most structures at 650 C is in agreement with the decomposition temperature of carbon nitride reported in the literature. 31 Up to 600 C, the band gaps of CNMNs decrease due to an increased condensation degree enabled by the increased temperatures. The whole process is schematically illustrated in Scheme 1. For a demonstration of potential applications, the CNMN x -600 materials were tested in a visible light driven water splitting assay for hydrogen evolution. Pt nanoparticles were in situ deposited onto the CNMN x -600 to perform photocatalytic hydrogen evolution from water in the presence of triethanolamine as a sacricial agent. The amount of active carbon nitride was kept the same to allow direct comparison. The hydrogen evolution rates for CNMN 0.25 -600, CNMN 0.5 -600 and CNMN 1 -600 are 4.1, 6.1 and 4.9 mmol h À1 , respectively (see Fig. 5 ). The nanoribbon has the best performance among there micro-/ nanostructures, which is thought to be due to the combination of light harvesting property and good charge separation in two dimensional nanoribbon. 30 The amount of photogenerated hydrogen increased linearly with the illumination time during ten hours run experiment. For comparisons, bulk carbon nitride (bulk CN) and mesoporous carbon nitride (mesoporous CN) were also employed for photocatalytic water splitting. Scheme 1 Schematic formation of carbon nitride micro-/nanoclusters on diatom substrates. The thin carbon nitride layer was firstly formed on the diatom frustule. The nanowire was grown from the attached layer on the frustule. The nanoribbons and nanosheets were speculated to derive from the integration of parallel nanowires and the growth by one dimensional growth and two dimensional extension mechanism. The thermal condensation process of cyanamide to graphitic carbon nitride was also included in the scheme.
Compared with the bulk sample, the CNMNs perform much better in hydrogen evolution efficiencies. The enhancement ratios of CNMN x -600 compared to bulky sample are 3.2, 4.6 and 3.8 times, respectively. The mesoporous material however gives the best performance due to its very large surface area. Further increasing the surface area of micro-/nanoclusters would obviously be meaningful to further improve the activity.
Conclusions
In conclusion, carbon nitride materials with different morphologies such as nanowires, nanoribbons and nanosheets were obtained by the in situ thermal condensation of cyanamide onto diatom substrates. Morphologies were controlled by the weight ratios between cyanamide and the diatom substrate and the condensation temperatures. The formation mechanism was ascribed to the one dimensional growth and two dimensional extensions of carbon nitride nanostructures, nucleated from positions on the diatom substrate with high curvature. The nanostructures obtained here demonstrate good photocatalytic activity for water splitting. Among the three nanomorphologies, nanoribbons give the best photocatalytic performance, which was attributed to the combination of good light harvesting property and efficient charge separation in two dimensional nanoribbons. The facile synthesis routes presented here is in principle compatible with other possibilities for engineering the carbon nitride with different properties for improved photocatalysis, and the relevant work is under progress.
